The effect of injection rate shape on spray evolution and emission characteristics is investigated and a methodology for active control of fuel injection is proposed. Extensive validation of advanced vaporization and primary jet breakup models was performed with experimental data before studying the effects of systematic changes of injection rate shape. Excellent agreement with the experiments was obtained for liquid and vapor penetration lengths, over a broad range of gas densities and temperatures. Also the predicted flame lift-off lengths of reacting diesel fuel sprays were in good agreement with the experiments. After the validation of the models, well-defined rate shapes were used to study the effect of injection rate shape on liquid and vapor penetration, flame lift-off lengths and emission characteristics. A consistent trend was observed over the entire range of densities and temperatures, which lead to the conclusion that the fuel distribution can be controlled by modifying the injection rate shape. Since it is believed that the NOx and soot emissions are substantially affected by the equivalence ratio distribution of the gas mixture prior to the combustion, the variation of fuel distribution via the modification of injection rate shape offers a useful way of emission control. From the knowledge gained by this study, a control approach was devised to maintain the local equivalence ratios below a certain level using active control of fuel injection, thus preventing soot formation.
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INTRODUCTION
BACKGROUND -Due to their relative simplicity, low capital cost, high power density and high efficiency characteristics, diesel engines enjoy widespread popularity for use as prime movers. However, the diesel engine suffers from relatively high nitrogen oxide (NOx) and particulate matter emissions. In order to improve air quality, legislation on emissions from mobile sources has tightened considerably over the last decade. As emission regulations for heavy-duty diesel engines become stricter, engine manufacturers are increasingly challenged to find methods of reducing emissions without compromising the performance, reliability and fuel economy that make the diesel engine an obvious choice in a variety of applications.
Modifying the diesel combustion process so as not to produce pollutants is thus very desirable. This is not a simple task since the intermittent, transient spray combustion process of diesel fuel is an extremely complex phenomenon. To precisely control such a complex process, it is necessary to have detailed knowledge of how this spray combustion occurs.
Until recently, little detail was known about the processes inside the cylinder and many descriptions of diesel combustion were based on a number of unproved assumptions. In 1997, a new conceptual model, based on results from various optical diagnostic tools, was presented by Dec [1] . This conceptual model together with work by Naber and Siebers [2] [3] [4] [5] [6] [7] on spray penetration, dispersion, vaporization, flame lift-off and an "idealized" spray model have furnished the engine developer with a framework for interpreting experimental measurements. These studies also guide the development of numerical modeling and provide a base for calculations of spray combustion.
The fundamental background for the high emissions of NOx and soot from diesel engines, despite their overall lean operation, is the fuel heterogeneity in the combustion chamber. This fuel heterogeneity stems from the procedure used to introduce the fuel into the hot high-pressure atmosphere when the piston is near top dead center (TDC). Diesel fuel autoignites readily when heated, and the mixing between fuel and air is thus very limited before combustion sets in. This creates a mixingcontrolled combustion situation with very hot combustion zones where the fuel and oxygen meet. The production of NOx is favored due to its strong dependence on gas temperature. Fuel rich regions are encountered in the central parts of the reacting fuel spray and these promote the formation of soot.
This heterogeneous spray combustion process of the diesel engine is highly dependent on the fuel injection parameters. Modifying the injection rate-shape offers a great deal of flexibility in terms of controlling the amount of fuel available for mixing and combustion. In addition, modifying the injection rate changes the momentum of the spray, which can either enhance or reduce the fuel/air mixing rate. Though little research has been performed regarding the effect of injection rate shape on spray evolution [8, 9] , the primary focus has been on the application of optimization techniques to split injections that are useful to improve overall performance. The effect of the shape of an individual injection pulse is not well understood and it is important to study the effect of the rate shape on spray and combustion phenomena.
To understand the overall effect of the injection rate shape, it is necessary to study its influence on individual phenomenon such as drop breakup, coalescence and vaporization. In order to ensure the reliability of computational models, spray processes such as breakup, collision and vaporization must be modeled accurately and validated extensively with experimental data.
OBJECTIVE
The objective was to study the effectiveness of the injection rate-shape as a means of controlling diesel spray combustion. It is a purely computational study, which uses the capabilities of the KIVA code [12] to investigate injection rate-shape effects on spray liquid and vapor penetrations, and the flame lift-off lengths of sprays over a wide range of ambient gas density and temperature. In addition the influence of rate-shape on NO X and soot emissions was studied. The role of fuel-air mixing upstream of the flame lift-off length has been identified as a very important parameter which affects the soot formation [5] . Different injection rate-shapes were investigated and the advantages of one rate-shape over the other are explained in terms of factors such as liquid and vapor penetration and fuel/air mixing upstream of the flame lift-of length.
Another goal of the project was to validate the KIVA-3V code [12] , with improved sub models for droplet vaporization [13] and primary jet breakup [14] and with the use of a detailed chemical kinetics mechanism to describe combustion. These advanced models capture the physics of droplet vaporization and atomization in an accurate manner and provide increased confidence in the computational results.
The ultimate objective of this work is to utilize the improved knowledge of injection effects to develop a feedback control based approach to reduce NO X and soot emissions through active control of fuel injection. For this purpose in-cylinder equivalence ratio feedback control was explored. It has been well established that soot forms in regions with equivalence ratios ranging from two to four [1] and NO X forms in regions that are close to stoichiometric [15] . If the local equivalence ratios in the cylinder are maintained below a value of two, substantial reduction in soot formation can be realized. In order to achieve emissions reduction, injection pulse width modulation is used as a tool in this study, coupled with a feedback control approach. Fuel is injected in pulses and the amount of fuel vapor above a certain equivalence ratio is monitored during the injection event. A simple PD (proportional-derivative) control algorithm is devised which uses this information as an input to calculate the optimum dwell time between successive injection pulses. As a result, better fuel-air mixing is achieved resulting in lower equivalence ratio regions within the cylinder and hence lower soot formation. Varying the injection rate-shape directly affects the formation of soot as the fuel distribution is altered. However, the effect on NOX is indirect, since it depends on the temperature field and temporal history inside the cylinder.
CFD MODELS
In the present work, the KIVA-3V Release 2 code [12] was modified with improved models for atomization and vaporization and applied to simulate spray evolution under well characterized diesel-engine-like conditions.
A one-dimensional primary break-up model [14] that is computationally effective as well as comprehensive enough to account for the effects of aerodynamics, liquid properties and nozzle flows was employed. This model uses the concept of "blobs", and, takes advantage of the benefits of Lagrangian and Eulerian methods. The blobs are tracked by the Lagrangian method while the breakup of each blob is calculated by a Eulerian method. For the secondary and further break-up processes, a Kelvin Helmholtz (KH) -Rayleigh Taylor (RT) hybrid model [20] was used.
A droplet collision model based on the stochastic particle method [12] was used, in which collision frequency is used to calculate the probability that a drop in one parcel will undergo a collision with a drop in another parcel, assuming all drops in each parcel behave in the same manner.
An advanced unsteady vaporization model [13] was used to predict the evaporation process of a spray more realistically. In this model, an unsteady internal heat flux model, a new model for the determination of the droplet surface temperature, and an equation to calculate the external heat flux with the inter-diffusion of fuel vapor and the surrounding gas taken into account, were incorporated. Also, this model considers droplet temperature ranges from flash-boiling conditions to normal evaporation.
MODEL VALIDATION
Model validation was one of the preliminary goals of this study. Accordingly, the KIVA3V code [12] was validated, with improved sub models for droplet vaporization [13] and primary jet breakup [14] , and with the use of a detailed chemical kinetics mechanism to describe combustion [18] . The first step was to validate the models in an inert environment by comparing the computed spray liquid and vapor penetration lengths with experimental data [3, 16] . For the reacting cases, the flame lift-off lengths were compared to the available experimental results [5] over a wide range of density and temperature. Liquid and vapor penetrations and flame lift-off lengths were chosen as validation parameters, because they are relatively easy to measure and they reflect the major observable characteristics of spray evolution and combustion. The spray calculations were conducted using a 2-D axisymmetric mesh, as shown in Fig. 1 . The grid size was 1mm in the radial direction and 2 mm in the axial direction. Beale and Reitz [20] suggested a 1x1 mm grid, but it was observed that a resolution of 2 mm in the axial direction did not affect the results and the difference was less than 5%. The injector was located at the top left cell of the mesh and the spray was injected downward along the axis. Figure 2 Injection rate shape used in the computation of liquid penetration length. The rate shape is similar to the top hat profile used in the experiment [3] . Liquid Penetration Length
The computed liquid penetration length of sprays was compared with the experimental results of Siebers [3] . The operating conditions considered in the computations are summarized in Table 1 . The fuel injector used in the experiment was a prototype, electronically controlled, common-rail, solenoid activated injector designed by Detroit Diesel Corporation. The injection rate shape employed has a very rapid start and end of injection with a constant injection rate during the injection (i.e., a "top hat" profile) as shown in Fig. 2 .
In the conventional spray breakup model (Kelvin Helmholtz model), a breakup length is assumed which prevents droplets within a certain distance from the injector tip, from being subject to secondary breakup. However, in the new breakup model every droplet is subject to secondary breakup, irrespective of its distance from the injector tip. Using the standard model constants resulted in excessive breakup and, consequently, smaller drop sizes, resulting is shorter liquid penetration lengths. A value of 0.2 was used for the adjustable RT model constant C3 (cnst3rt in KIVA) to increase the time between breakup events, resulting in larger child droplets and hence longer liquid penetration lengths. The results are shown in Fig. 3 . It is seen that use of the unsteady vaporization model and the new primary jet breakup model results in good agreement between the measured and computed data.
The computations were carried out using a nozzle discharge coefficient of 0.8, consistent with the experimental data. In this study, the liquid length was determined as the distance from the injector tip to the point where the mass of the liquid phase accumulated from the injector tip is greater than 95 % of total liquid phase at that time. 
Figure 3
Liquid penetration as a function of gas temperature for different ambient gas densities, using version 3. The fuel, injection pressure and orifice diameter are DF2, 135 MPa and 0.246 mm, respectively. The filled and hollow symbols represent measured and computed data, respectively. . The values in the legend correspond to ambient temperature.
Vapor Penetration Length
The constants and models were optimized to give the best predictions of the liquid penetration length. Thus, it was of interest to verify that the vapor penetration results were also correct. In the computations, the vapor penetration was measured as the distance along the spray axis, from the injector tip to the point where the fuel vapor mass fraction is 0.001. The experiments of Kim and Ghandi [16] provide vapor penetration lengths for the desired range of interest. The experiments used an exciplex laser induced fluorescence technique with TMPD(Tetra-methyl-p-phenilene-diamine)/naphthalene doped into the fuel, to quantitatively determine the vapor phase concentration. Table 2 summarizes the operating conditions for which the models were validated. The computations were carried out using a nozzle discharge coefficient of 0.7, estimated with the method of Sarre et al. [19] . located in the right place when combustion occurs.
Flame Lift-Off Length
The flame that is stabilized on a high injection pressure DI diesel spray under quiescent conditions is located some distance downstream of the fuel injector. The distance from the injector to the location of stabilization is referred to as the flame " lift-off " length. The position of the lift-off length in diesel sprays is determined by premixing of the injected fuel and the entrained air upstream of the lift-off length. There is growing evidence to suggest a strong link between the fuel-air mixing upstream of the lift-off length and soot formation [5, 10] . respectively. The present predictions are seen to agree well with the experimental measurements. The model predicts the correct magnitudes, as well as the correct rate of penetration. This implies that the correct gas flow field and fuel-air mixing rates are calculated. It also implies that when the model is applied to engine simulations, the combustible fuel-air mixture will be In the previous section, the validation of models in inert environments was carried out by comparing the liquid and vapor penetration lengths with experimental data. Under inert conditions the predictions were shown to be acceptably accurate, but a reacting environment poses a more important test for models to be used in engine combustion applications. As discussed in the previous paragraph, flame lift-off is an important parameter for diesel combustion. Also, extensive data is available in the literature [5] [6] [7] , for comparison with computational results. Therefore, flame lift-off length was chosen as a parameter for validation of models in a reacting environment. In this case, along with the improved spray and vaporization models, the KIVA3V code was coupled with the CHEMKIN code with a 62-species skeletal chemistry mechanism for n-heptane fuel. This mechanism was modified from the 40-species mechanism of Ref.
[17] by adding NOx reactions. Table 3 Operating conditions considered for comparison of flame lift-off length results [5] .
performed are summarized in Table 3 . Research on lifted, turbulent diffusion flames shows that stoichiometric or near stoichiometric combustion occurs at the flame stabilization location, i.e., at the lift-off length [5] . Because the energetic reactions in stoichiometric combustion form excited state species, including excited OH radicals, the measurement of the distribution of OH radicals by chemiluminescence provides an excellent marker of the high heat release regions, such as the stoichiometric combustion region at the lift-off length. As was done in the experiments, the first location from the injector tip in the axial direction that showed a maximum OH radical amount was selected to indicate the lift-off length location of the flame in the numerical simulations. This observation was confirmed by monitoring the temperature distribution, which also indicates the most upstream location of combustion, as shown in Fig. 6 . Fig. 7 shows the predicted temperature distribution of a reacting spray at an ambient gas density of 30 kg/m 3 and an ambient temperature of 900K. The flame lift-off length is marked with a white vertical line in the temperature distribution. This corresponds to the data point represented by the inverted triangle on the lift-off length vs. ambient temperature plot shown in Fig. 8 for various densities. Fig. 8 also shows the experimental results of Siebers [5] . Other conditions for which the simulations were carried out (see Table 3 ) are shown by the triangle data points on the same plot. As can be seen, excellent agreement was obtained between the measured and computed flame lift-off trends for all cases considered in the present study.
The operating conditions for which the simulations were can be appropriately approximated using three parameters, i.e., the injection duration, τ d , the timing of peak velocity, τ p , and the absolute value of the peak velocity, V p . If the total amount of fuel injected is maintained constant when the injection rate shape is varied, the area under the injection rate profile would be the same for all possible variations of the rate shapes.
kg/m 3

NON-REACTING SPRAY CASES
kg/m 3
The computations were conducted using the KIVA code and the numerical grid shown in Fig. 1 . Four different well-defined rate shapes were employed to study the effect of injection rate shape on the spray evolution under non-reacting conditions, as shown in Fig. 10 . Three of them are triangular in shape (ROI 1,2 and 3), and the other has a top-hat (constant velocity) shape. In order to inject the same amount of fuel, the velocity of the top-hat shape was set to be equal to half of the peak velocity reached by the triangular shapes. ROI 1 represents a rapidly rising and slowly falling injection velocity profile, while ROI 3 represents a slowly rising and rapidly falling injection velocity profile. In ROI2, the rising and falling rates of the velocity are symmetric. The duration of injection was chosen to be 1.4 ms for all cases. The operating conditions considered are listed in Table4.
INJECTION RATE-SHAPE EFFECTS
With confidence in the modeling accuracy affirmed by the validations of reacting and non-reacting cases, the models as described earlier, were applied to study the effect of injection rate shape on spray evolution and combustion characteristics.
The location of the liquid and vapor tip penetration lengths was determined from the liquid and vapor mass distributions as described in the previous section. A consistent trend in the predicted liquid and vapor penetration lengths was observed as the different injection velocity histories influenced the breakup, coalescence and vaporization characteristics of the sprays, as described next. Fig. 9 shows a typical measured injection rate shape for the Caterpillar HI90 injector used by Kim and Ghandi [16] and its simpler representation obtained using a triangular form. As can be seen, the actual rate shape 
Table 4
Operating conditions considered for investigating the effect of injection rate shape on liquid and vapor penetration lengths for a vaporizing dodecane spray in an inert environment. Figures 11 and 12 show the predicted liquid penetration lengths for the investigated rate shapes under low gas density (7.5 kg/m 3 ) and high gas density (15 kg/m 3 ) conditions, respectively. By comparison with Fig. 10 , it can be seen that the location of the highest peak of the liquid length is closely coupled with the timing of the peak injection velocity in each case.
As the timing of the peak injection velocity is retarded, it takes longer to reach the maximum liquid penetration length, and the liquid penetrates further from the nozzle. The reason for the existence of a peak in the liquid penetration length and the differences in the peak values can be explained as follows.
vaporization. When droplets are injected during the rising part of the injection rate shape, the later injected drops catch up with the earlier injected ones after a time interval that is a function of the two injection timings of interest (the catch-up effect). This creates a closely spaced group of spray droplets and this favors increase in the collision frequency, and, consequently, increases the probability of coalescence among droplets, which produces bigger droplets. Bigger droplets have higher momentum and penetrate further. On the contrary, when droplets are injected during the falling part of the There are distinctive characteristics of the rising and falling parts of the rate shapes (ROI1~ROI3). Consider first, a simple case that assumes no break-up and no injection rate shape, the later injected drops tend not to catch up with the earlier injected drops, and the distance between the spray droplets increases with time (the scattering effect). This tends to decrease collision and coalescence frequencies, and hence drop sizes, and hence the tip penetration rate is reduced.
As far as break-up and vaporization are concerned, the injection velocity of the spray drops plays a key role in these processes too [21] . Higher injection velocities lead to faster break-up and hence more vaporization due to the small drop sizes. Also, because the mean size of child droplets after break-up decreases as the droplet velocity increases [20] , the momentum as well as the life-time of the individual vaporizing droplets decreases. Therefore, additional liquid penetration becomes substantially shortened. This causes the peak liquid penetration to decrease as the rising slope of the triangular rate shapes increases (see e.g. ROI3 → ROI1). Once the coalesced spray, which experienced the catch-up effect vaporizes completely, the following spray droplets which experience less collision and coalescence by the arguments mentioned above, penetrate shorter distances and the liquid penetration curve falls. the timing of the peak injection velocity after a sufficient time, for cases where the peak velocities are same. Since the velocity of the top-hat rate shape case was half that of the triangular shapes, the vapor penetration of the top-hat case at 2.0 ms is shorter than those of the triangular shapes, though its initial slope is the highest of all the cases. These differences are due to differences in the total injected momentum of the sprays, which are higher for the triangular sprays.
These results show that the fuel distribution (liquid and vapor) can be modified by changing the injection rate shape, which implies that combustion can also be modified to some extent by changing the injection rate shape.
REACTING SPRAY CASES
The effect of injection rate shape on the combustion characteristics of sprays under reacting conditions is discussed next. The three representative rate shapes considered are shown in Fig. 15 . An injection duration of 6 ms was chosen for all cases. The operating conditions are summarized in Table 5 . Fig. 16 a) to i) show the temporal evolution of the predicted flames for the three different rate shapes. It can be observed that ignition takes place earliest in the case of the top-hat profile (at 1.2 ms ASI), whereas the longest ignition delay is seen in the case of the late peak case, ROI2 (at 2.0 ms ASI). However, the ranking of the ignition distance from the nozzle varied as, ROI2, top-hat and ROI1, with the location of ROI2 being the closest to the injector tip. This confirms that the air-fuel mixing details are greatly affected by the change of the Table 5 Operating conditions considered for investigating the effect of injection rate shape on flame evolution for a vaporizing tetradecane spray in a reacting environment. injection rate shape.
The injection velocity for ROI 1 is the highest earliest, hence the vapor cloud travels farthest and ignition takes place further downstream. However, due to its very low injection velocity initially, the tip of the vapor cloud for ROI 2 is very close to the liquid penetration length, and the ignition is predicted to take place just downstream of the liquid penetration length.
It is interesting that the direction of the evolution of the flame lift-off locations was observed to be different for these three cases. In the case of ROI2, the ignition took place very close to the injector and the flame stabilized at the ignition location very soon, while, in the case of ROI 1, ignition took place further downstream and then the flame traveled upwards towards the nozzle and finally stabilized. Since the injected fuel has more time to mix with the ambient air before entering the reaction zone for ROI 1, leaner mixtures are expected compared to ROI 2, for which the flame lift off length is very small and the injected fuel has insufficient time to mix with the ambient air. This has direct implications on the formation of soot and NO X , which is discussed in the next section.
Soot and NO X Formation
The current detailed kinetics mechanism does not consider soot models. However, acetylene is known to be a very important pre-cursor for soot formation [15] , so it gives a good indication of the propensity and location of soot formation for each injection rate shape. Acetylene is available in the chemistry mechanism and thus it was monitored in the present study. Fig. 17 shows the predicted temporal histories of the amount of acetylene (C 2 H 2 ) for the three injection rate shapes corresponding to the results given in the previous section.
In the case of ROI 2 (for most of the injection the injection velocities are on the rising part of the shape), the fuel droplets upstream of the flame lift-off location, which were injected at higher velocities (or a higher flow rate) than the earlier spray droplets, enter the reaction zones with the entrained air. But the insufficient mixing , temperature 900 K. concept of reduced soot formation with a falling rate of injection has been discussed by Beck et al. [22] and Azetsu and Wakisaka [25] .
times and oxidizer amounts result in high levels of soot production during the early period of the injection, which can be seen from the large predicted amounts of C 2 H 2 . However, as the injection velocities increase on the rising part of ROI 2, the entrainment of air is enhanced and this favors the later oxidation of the soot precursor species produced earlier.
ACTIVE CONTROL OF FUEL INJECTION
CONTROL FORMULATION
From the previous results, it can be concluded that spray evolution is changed effectively by modifying parameters that determine the injection rate-shape, i.e., injection duration, timing of peak injection velocity and absolute value of the peak velocity. It was also seen that injection rate-shape affects ignition characteristics and the temporal history of soot and NOx formation. This implies controllability of emissions by optimization of the injection rate shape.
On the contrary, in the case of ROI 1, because the high injection velocity occurs at the early stage of the injection, it entrains more air that mixes with the fuel vapor. Thus, the reactions following ignition result in lower soot precursor species formation rates. Another reason for the low formation of soot in the case of ROI 1 is that, once the air entrainment is sufficiently enhanced, the spray droplets injected at lower velocities (on the falling part of ROI 1) have enough residence time to mix with air before entering the reaction zones. Thus, it seems that ROI 1 offers a better method to control soot as it inhibits the formation of soot in the first place, though a fair amount of soot oxidation takes place towards the end of the injection for ROI2.
It has been well established that soot forms in regions with equivalence ratios ranging from two to four [1] and NO X forms in regions that are close to stoichiometric [15] . If the local equivalence ratios in the cylinder are maintained below a value of two, substantial reduction in soot formation can be realized. Varying the injection rate-shape directly affects the formation of soot as the fuel distribution is altered. However, the effect on NO X is indirect, since it depends on the temperature field and temporal history inside the cylinder. Fig. 18 shows the corresponding temporal histories of the NOx formation for the three injection rate shapes. It is seen that, for times during the injection (e.g. before 5.0 ms), the lower heat release due to insufficient mixing of the fuel and air in the case of ROI2 forms very low levels of NOx, while the ROI1 case shows a steady increase of NOx formation because better mixing enhances the energy release reactions. However, as the oxidation reactions become more vigorous towards the end of injection for ROI2, the heat release rate increases rapidly, and thus the formation of NOx also increases rapidly.
In order to achieve this objective, an in-cylinder equivalence ratio feedback control approach was explored using a purely computational approach. The idea is to inject the fuel in pulses and control the duration between successive injection pulses based on monitoring the equivalence ratio and providing feedback from the cylinder. The concept is explained by means of the schematic shown in Fig. 19 . The above trends are consistent with earlier predictions of the effect of injection rate shape on emissions in engine computations by Mather and Reitz [11] , and the The fuel is injected in pulses of duration t p . After injection of fuel in the first pulse, the fuel vapor above a certain threshold equivalence ratio φ o is monitored. The local Figure 19 Schematic for active control of fuel injection.
φ o is the desired equivalence ratio.
Figure 20
Maximum Local Equivalence ratio vs Time for the rate shapes shown in Fig. 15 and the conditions listed in Table 5 .
equivalence ratio (φ ) is traced in all the grid cells and the fuel vapor is categorized as being lean, flammable or rich based on the following criteria: The lean, flammable and rich vapor mass is then normalized by the total injected mass to obtain lean, flammable and rich vapor fractions respectively. The local equivalence ratio (φ ) information is then supplied to the control algorithm, which calculates the duration between successive injection pulses (t d ). φ o is the reference value of the equivalence ratio (i.e., the set point). t d is inversely proportional to the difference between the local equivalence ratio in the cells (φ ) and the reference equivalence ratio (φ o ). This poses a problem because the information contained in φ should be a good representation of the equivalence ratio distribution inside the entire combustion chamber. Initially, it was decided that the maximum value of the local equivalence ratio could be a good choice forφ, based on the assumption that maximum soot concentrations will be formed in the richest regions of the combustion chamber. Fig. 21 shows the plot of rich vapor fraction (i.e., φ > 2.0) with time. The arrows in the figure indicate the time of ignition for the three rate shapes. It can be seen that the rich vapor fraction for the top hat rate shape is higher than that for ROI 1, which is consistent with the results shown in Fig. 17 . It was observed that the amount of rich vapor mass at the time of ignition also affects the soot formation. As discussed earlier, the fuel-air mixing in the case of ROI 1 is much better at early times than that of ROI 2, resulting in leaner mixtures at the time of ignition, which leads to decreased amount of soot formation.
Figure 21
Rich vapor fraction vs Time for the rate shapes shown in Fig. 15 and the conditions listed in Table 5 .
Simulations were carried out using the rate shapes shown in Fig. 15 for the same conditions as those listed in Table 5 . A value of two was chosen for the reference equivalence ratio (φ o ), based on the hypothesis that as soot begins to form in regions with equivalence ratios greater than two [1] . Referring to Fig. 17 , it is expected that the maximum local equivalence ratio will be the highest in the case of ROI2, followed by the top hat profile and finally ROI 1. Fig. 20 shows a plot of the maximum local equivalence ratio with time for the three different rate shapes, i.e., ROI 1, ROI 2 and the top hat.
As expected, the maximum equivalence ratio levels in case of ROI 2 are much higher compared to those of ROI 1 and the top hat rate shape. But, by the same reasoning, the maximum local equivalence ratio in case of the top hat rate shape should be higher than ROI 1 as more soot is expected to be formed in that case (see Fig. 17 ). This shows that maximum local equivalence ratio alone is not sufficient to represent the conditions From these results, it can be concluded that the rich vapor fraction and the maximum local equivalence ratio are the two important parameters which should be used in the control criteria to determine the duration between successive injection pulses (t d ). The control criteria is formulated as a proportional derivative (PD) type expression as :
Figure 22
Injection rate shapes for comparing the results of the control rate shape (solid line) with the baseline (dash-dot) and high injection velocity (dash) rate shape.
where K p is the proportional gain and D is the damping constant. The first term on the right hand side of Eq. 1, is the proportional term and the second term is the derivative term. The error term at time t, i.e. e(t) is the difference between the rich vapor fraction at time t, f rich (t), and the set point i.e. the reference rich vapor fraction, o rich f .
RESULTS
CONSTANT VOLUME BOMB SIMULATIONS Figures 23 and 24 show the temporal history of the amount of acetylene and NO formation respectively, for the three rate shapes shown in Fig. 22 . It can be seen that in case of the controlled rate shape, the fuel has sufficient amount of time to mix with air during the dwells between injections which discourages the formation of rich regions inside the bomb, thereby reducing the soot precursor formation drastically compared to the baseline cases. Since the residence time in the case of the controlled rate shape (12 ms) is higher compared to the other two cases, the amount of NO formed is also higher.
In order to ascertain the efficacy of this approach, preliminary simulations were carried out for spray injections in a constant volume bomb. The grid used was the same as shown in Fig. 1 , and the operating conditions are listed in Table 5 . The baseline case corresponds to the top hat rate shape shown in Fig. 15 . The injection velocity used in the case of the top hat profile was 386 m/s. The amount of fuel injected was constant for all the cases and the rate shape was determined by the control algorithm. A set point of 0.45 was chosen, which corresponds to a reference rich vapor fraction, f 0 rich = 45%. The duration of an individual injection pulse was chosen to be 0.4 ms (similar to the minimum injection duration attainable with current injection hardware [23] ) and the magnitude of the injection velocity for the control case was 518 m/s. In order to quantify the effect of injection velocity another case with a top hat profile corresponding to an injection velocity of 662 m/s was simulated. The solid line in Fig.  22 shows the rate shape obtained using the control algorithm. The other two rate shapes corresponding to the baseline case (duration: 6ms) and high injection velocity case (duration: 3.5 ms) are also shown. The total injection duration of the controlled rate shape was approximately 12 ms, which is twice as long as the baseline top hat rate shape having a duration of 6 ms.
Figure 23
Temporal history of acetylene formation for the rate shapes shown in Fig. 22 .
Note that, in order to avoid long periods of no injection, constraints could be applied to the control formulation to restrict the maximum duration between successive injection pulses. It is also important to impose a constraint on the minimum dwell between pulses to avoid very small (impractical) dwell durations and to allow a certain minimum time for mixing of the fuel which has already been injected. Table 7 Operating conditions for the baseline case.
However, it can be observed from Fig. 24 that the rate of NO formation is (slope of NO vs Time curve) in case of the controlled rate shape is lower compared to the other two rate shapes. These results were deemed to be encouraging and the next step was to apply a similar active control of fuel injection approach under engine conditions, as discussed in the next section.
ENGINE SIMULATIONS
The simulations were performed for a Caterpillar 3401E single cylinder oil test engine. The fuel injector used was a production style Caterpillar electronic unit injector. The details of the engine and the injector are listed in Table  6 . A low speed, low load case was chosen as the baseline. The operating conditions for the simulation are listed in Table 7 .The experimental injection rate shape for the baseline case is shown in Fig. 25 [24] . It was approximated by a top hat type rate shape in the simulations with the same injection duration, i.e., 5. Figure 25 Experimental injection rate-shape for the baseline case [24] .
Figure 26
Amount of fuel injected (g) vs. CA (degree ATDC) for the baseline and control rate shapes. Table 6 Configuration of the Caterpillar diesel engine. very early injections can be employed. However, it is even more important that ignition takes place close to the TDC in order to obtain sufficient power from the engine.
fuel injected was kept constant. The injection pulse duration was set equal to 1 CA degrees (0.2 ms at 821 rpm), the minimum and maximum dwell between successive injection pulses was chosen to be 1.5 CA degrees (0.3 ms at 821 rpm) and 5 CA degrees (1 ms at 821 rpm) respectively. The set point or the reference rich vapor fraction was set equal to 0.4, i.e., 40%. Fig. 26 shows a plot of the amount of injected fuel with time for the baseline and the control cases. Fig. 29 a) to h) show the equivalence ratio distribution within the combustion chamber for the baseline (left) and the controlled rate shape (right). The start of injection was -9 degrees ATDC for both cases and, as mentioned earlier, the ignition time for both cases was also the same i.e., approximately -3 degrees ATDC. Looking at the left hand side of Fig. 29 b) (continuous injection, baseline case) it can be seen that there is a substantial rich region within the chamber. However, for the controlled rate shape the second injection has just begun and in the meantime, fuel that was injected in the preceding pulses has had sufficient time for mixing and only a lean region remains in the chamber. A similar trend is observed throughout the injection (see Fig. 29  e) . Fig. 29 c) and d) show the equivalence ratio distribution within the combustion chamber around the time of ignition. Due to insufficient mixing prior to ignition, there are more rich regions in the chamber for the baseline case compared to the controlled case. Also, in the controlled case, due to dwell between successive injection pulses, the injected fuel loses momentum as time progresses whereas in the baseline case, fresh fuel pushes the vapor cloud present in the chamber and it has sufficient momentum to climb the bowl and start moving towards the center of the bowl (see Fig. 29 f) . But, due to insufficient momentum in case of the controlled rate shape, the reverse squish velocities are more than the flow velocities and the vapor cloud stays in the squish region, where conditions are much more favorable for oxidation of the soot precursor species (and soot), thus reducing the amount of soot formed. It is clear from Fig. 29 g ) and h) that a large amount of soot precursor is concentrated towards the center of the bowl for the baseline case, whereas for the controlled case, it stays in the squish region and is oxidized in a short period of time.
The ignition time for both cases was the same, i.e., around -3 degrees ATDC. It can be observed from Fig.  27 that the rich vapor fraction in case of the controlled rate shape is much less compared to the baseline at the time of ignition. This reduces the amount of soot precursor formed as can be seen in Fig. 28 , which shows the temporal history of acetylene for the two rate shapes. In order to achieve better mixing before ignition, 30 shows the temporal history of NO for the two rate shapes. By employing the controlled rate shape, a substantial reduction in soot precursor species as well as NO X can be achieved. However a penalty is imposed in the form of a lower peak combustion pressure and consequently less power obtained from the engine (see Fig. 31 ) because less fuel has been injected prior to ignition in the case of the control rate shape compared to the baseline.
For obtaining the controlled rate shape, the amount of 
SUMMARY AND CONCLUSIONS
A computational study was performed to explore the use of injection rate shape as a means of controlling combustion of diesel sprays and consequently reduce engine-out emissions. The KIVA3V code was employed to investigate injection rate-shape effects on spray liquid and vapor penetrations, and the flame lift-off lengths over a wide range of ambient gas density and temperature. In addition the influence of rate-shape on NOX and soot emissions was studied. Different injection rate-shapes were investigated and the advantages of one rate-shape over the other were explained in terms of factors such as liquid and vapor penetration and fuel/air mixing upstream of the flame lift-of length.
As a first step, the KIVA-3V code was validated, with improved sub models for droplet vaporization and primary jet breakup and with the use of a detailed chemical kinetics mechanism to describe combustion. These advanced models capture the physics of droplet vaporization and atomization in an accurate manner and provided increased confidence in the computational results. Initially, the models were validated in an inert environment by comparing the computed spray liquid and vapor penetration lengths with experimental data. For the reacting cases, the flame lift-off lengths were compared to the available experimental results over a wide range of density and temperature.
With confidence in the modeling accuracy affirmed by the validations of reacting and non-reacting cases, the models were applied to study the effect of injection rate shape on spray evolution and combustion characteristics. Simpler representations of actual rate shapes were defined using three parameters i.e., the injection duration, τ d , the timing of peak velocity, τ p , and the absolute value of the peak velocity, Vp. A consistent trend in the predicted liquid and vapor penetration lengths was observed as the different injection velocity histories influenced the breakup, coalescence and vaporization characteristics of the sprays. It was observed that the location of the highest peak of the liquid length is closely coupled with the timing of the peak injection. As the timing of the peak injection velocity was retarded, it took longer to reach the maximum liquid penetration length, and the liquid penetrated further from the nozzle. This was explained in terms of the catch-up and scattering effect depending on whether the droplets were injected on the rising or falling part of the injection rate-shape. Injection velocity plays a key role in the droplet vaporization and breakup processes due to its direct influence on the drop size. It was also observed that the rising part of the rate shape governs the initial slope of the vapor penetration length curve and the final value of the vapor penetration depends on the total injected momentum of the spray.
The effect of injection rate shape on the combustion characteristics of sprays was explored by monitoring the flame lift-off length of sprays. From this study, it was confirmed that the fuel-air mixing details are greatly affected by the change of the injection rate shape. As injection velocities become higher, the vapor cloud travels further downstream, which increases fuel-air mixing upstream of the lift-off length location, leading to leaner mixtures and hence reduced soot formation. This was confirmed by monitoring the formation of acetylene for different rate shapes. Acetylene is known to be a very important pre-cursor for soot formation [15] , so it gives a good indication of the propensity and location of soot formation.
From these studies, it was concluded that injection rateshape affects ignition characteristics and the temporal history of soot and NOx formation, which implies controllability of emissions by optimization of the injection rate shape. In order to achieve this objective, an in-cylinder equivalence ratio feedback control approach was explored using a purely computational approach. Fuel was injected in pulses and duration between successive injection pulses was controlled based on monitoring the equivalence ratio and providing feedback from the cylinder. To calculate the dwell time between successive injection pulses, a control criterion was formulated as a proportional derivative type expression, which incorporates the effect of rich vapor fraction and the maximum equivalence ratio in the combustion chamber. In order to ascertain the efficacy of this approach, preliminary simulations were carried out for spray injections in a constant volume bomb. By employing such an injection rate shape, the fuel had sufficient amount of time to mix with air during the dwells between injections, which discouraged the formation of rich regions inside the bomb, thereby reducing the soot precursor formation drastically. These results were deemed to be encouraging and the next step was to apply a similar active control of fuel injection approach under engine conditions. Similar results were obtained under engine conditions and it was also observed that the spray loses momentum due to dwell between the injection pulses, which prevents the vapor cloud from climbing and moving towards the center of the bowl. As a result, the vapor cloud remains in the squish region, where conditions are favorable for oxidation, resulting in reduced amount of soot precursor (and soot) formation. Also, the composition of the mixture prior to ignition plays a key role in soot precursor formation. A leaner mixture prior to ignition curbs the amount of soot precursor and hence soot formation. Since fuel is injected very close to TDC (i.e., high temperature and pressure conditions), it is advisable to keep the injection pulses as small as possible in the beginning. Longer injection durations result in more fuel being injected leading to insufficient time for mixing and also once ignition takes place, the environment is deprived of oxygen and fresh injected fuel is surrounded by a mixture of rich products of combustion. Due to this reason, small injection durations (0.2 ms) were employed in the present engine study. This is small compared to the capability of the current injection hardware. However, this study offers a new way of looking at optimization of injection rate shape and motivates the development of advanced injection equipment in the future.
